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We report the de Haas-van Alphen (dHvA) oscillations and first-principle calculations for trian-
gular antiferromagnet PdCrO2 showing unconventional anomalous Hall effect (AHE). The dHvA
oscillations in PdCrO2 reveal presence of several 2 dimensional Fermi surfaces of smaller size than
found in nonmagnetic PdCoO2. This evidences Fermi surface reconstruction due to the non-collinear
120o antiferromagnetic ordering of the localized Cr, consistent with the first principle calculations.
The temperature dependence of dHvA oscillations shows no signature of additional modification
of Cr spin structure below TN . Considering that the 120
o helical ordering of Cr spins has a zero
scalar spin chirality, our results suggest that PdCrO2 is a rare example of the metallic triangular
antiferromagnets whose unconventional AHE can not be understood in terms of the spin chirality
mechanism.
PACS numbers: 71.18.+y, 74.25.Jb, 75.47.-m
The two dimensional (2D) triangular-lattice antiferro-
magnet (TAFM) is one of the simplest frustrated mag-
nets, but showing complex magnetic phases due to geo-
metrical frustration. While most of TAFM systems are
insulating with localized spins, there are a few metallic
systems such as PdCrO2 [1–5], AgNiO2 [6–8], Ag2MO2
(M = Cr, Mn, Ni) [9–11] and Fe1.3Sb [12]. When itiner-
ant electrons are coupled with intriguing magnetic orders
in various frustrated magnets, unconventional transport
behaviors are observed, e.g. unconventional anomalous
Hall effect (AHE) due to non-zero Berry phase associated
with spin chirality [13, 14]. How complex magnetic order
influences the nature of itinerant electrons or vice versa
is, therefore, one of the key questions for understanding
exotic properties of metallic frustrated magnets.
PdCrO2 is of particular interest because it is a rare ex-
ample of the TAFM’s showing unconventional AHE [1].
PdCrO2 consists of stacked layers of Pd and Cr trian-
gular lattices in a delafossite structure. The Pd lay-
ers with mostly Pd 4d9 states are responsible for highly
metallic conduction [5] as found in the iso-structural non-
magnetic compound PdCoO2 [15–17]. In the CrO2 layer,
three electrons of Cr3+ ions in an octahedral environment
fully fill the t32g states. In the absence of orbital ordering
or structural distortion, the localized S = 3/2 spins of
Cr3+ ions are expected to be antiferromagnetically or-
dered in the 120o helical spin structure with
√
3 × √3
periodicity. In fact, the 120o helical ordering at TN =
37.5 K has been suggested by neutron powder diffrac-
tion [3, 4]. For the ideal 120o helical magnetic structure,
however, the scalar spin chirality, defined as Si ·(Sj×Sk),
is canceled out, thus inconsistent with the observed un-
conventional AHE. In order to resolve the discrepancy,
additional magnetic transition near T ∗ ∼ 20 K has been
proposed, which requires further investigations. In this
respect, it is essential to clarify how the itinerant elec-
trons showing unconventional AHE are coupled to the
AFM ordering of the localized spins in the neighboring
CrO2 layer.
In this Letter, we present a study of de Haas-van
Alphen (dHvA) effects and first principle calculations for
PdCrO2, evidencing significant coupling of itinerant elec-
trons with the localized Cr spins. Several Fermi surfaces
(FS) of PdCrO2 are identified from the dHvA oscillations,
which are much smaller than found in the nonmagnetic
and iso-structural PdCoO2 [18]. This provides clear ex-
perimental evidence of FS reconstruction due to the 120o
AFM ordering with three magnetic sublattices, in good
agreement with first principle calculations. Therefore,
unlike the previous conjecture [1], the magnetic structure
of PdCrO2 is close to the ideal 120
o structure below TN .
Considering the zero scalar spin chirality of the ideal 120o
structure, our findings suggest that PdCrO2 is a rare ex-
ample of metallic triangular antiferromagnets whose un-
conventional AHE cannot be understood in terms of the
spin chirality mechanism.
Single crystals of PdCrO2 were grown by a flux method
as describe in Ref.[19, 20]. For the torque measure-
ments, a small single crystal, typically 50×50×10 µm3
was mounted onto a miniature Seiko piezo-resistive can-
tilever. In total, five crystals were investigated, two in
14 T PPMS at POSTECH, two in 18 T superconduct-
ing magnet and one in 33 T Bitter magnet at National
High Magnetic Field Lab. (NHMFL), Tallahassee, USA.
All the crystals show consistent behaviors, and here we
present the dHvA results obtained using 33 T magnet
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FIG. 1: (color online) (a) The oscillatory part of the torque
signal as a function of applied magnetic fields at 1.4 K for
different angle θ with respect to the c axis. The fast oscillation
at high magnetic fields for θ = 1o is shown in the inset. (b)
The typical FFT spectra of the dHvA oscillations in the field
range from 10 T to 30 T, for example, at θ = 4o. An expanded
view of the FFT spectra for the different frequencies, labeled
as (c) α, (d) γ and (e)δ. Each FFT peak consists of more
than two closely-spaced peaks (see the text).
at NHMFL. For the first principle calculations, we em-
ployed the full potential linearized augmented plane wave
(FLAPW) method using the HiLAPW code[21] and also
using the Wien2k-NCM code [22]. For the exchange cor-
relation potential, we have used the generalized gradient
approximation (GGA) [20].
Figure 1(a) shows the oscillatory part of the torque sig-
nal up to 30 T for PdCrO2 with several orientations as
the magnetic field is rotated from H ‖ [001] (θ = 0o) to-
wards H ‖ [100] (θ = 90o) at T = 1.4 K. The fast Fourier
transform (FFT) for θ = 5o close to H ‖ c is shown in
Fig. 1(b). At all angles, the spectrum is dominated by
several peaks at F ∼ 0.8 kT, ∼ 3.3 kT, ∼ 10.5 kT and
∼ 27.5 kT, which we denote as α, β, γ, and δ, respec-
tively. The α(γ) branches consist of 3(2) closely-spaced
peaks as labeled as αi(γi) [Fig. 1(c) and (d)]. Also we
observed 2nd harmonics of the α branches at F ∼ 1.6
kT [Fig. 1(c)]. The β branches near ∼ 3.3 kT exhibit a
complex structure consisting of several small peaks. Also
for the δ branches, we observed mixing with αi branches,
resulting the δ±αi peaks.
These FFT results are in strong contrast to those of
iso-structural and non-magnetic compound PdCoO2. Re-
cent dHvA experiments on PdCoO2 [18] reveal two high
frequencies at F ∼ 30 kT, which related to the local min-
imum (neck) and the local maximum (belly) in the cross-
section of the warped 2D cylindrical FS via the Onsager
relation F = (~c/2pie)Ak. The large 2D FS in PdCoO2 is
in good agreement with the results of the angle-resolved
photoemission spectroscopy and the first principle cal-
culations [15, 17]. For PdCrO2, the largest frequency δ
at F ∼ 27.5 kT corresponds to the similar-sized FS as
found in PdCoO2. However, several additional smaller
frequencies, α, β, and γ found in PdCrO2 suggest FS
reconstruction due to AFM ordering in the CrO2 layer.
In order to identify the origin of the orbits, we per-
formed first principle calculations as shown in Fig. 2.
We found negligible difference in total energy between
the FM and the AFM interlayer coupling, thus we as-
sumed the ferromagnetic interlayer coupling. The occu-
pied Cr 3d states are of spin-up t2g character as expected.
Here the spin axis (up or down) is defined locally at each
Cr site so as to be parallel to the atomic-like moment.
The spin-up eg and spin-down t2g states appear at the
energies between 1.5 and 2.6 eV, while the spin-down eg
states locate at higher energies, 3-3.7 eV. At the Fermi
level EF , two and four bands are crossing the Fermi level
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FIG. 2: (color online) (a) A triangular Pd layer stacked with
a triangular lattice of Cr with three different types of non-
coplanar spin directions. The crystal (magnetic) unit cell in
indicated by the orange (red) dotted lines. (b) Calculated
Fermi surfaces of PdCrO2 and a cross section of the Fermi
surface. Edges of the first Brillouin zone are drawn by thin
black lines. The triangular (α), lens (β), small hexagonal (γ)
and large hexagonal (δ) orbits are highlighted. The magnetic
breakdown orbits (β and δ) are indicated by the dashed line.
Band dispersion along the symmetry line Λ (Y -Γ) and along
the kx axis. The size of dots is proportional to the character of
Pd (green) and Cr (red) states within the muffin-tin spheres.
3along ky and kx directions, respectively. Although these
conducting states have strong Pd 4d character, Cr 3d
states are mixed to some extent. These bands show spin
splitting, a profound feature known to be present in spin-
spiral antiferromagnets. Although the net magnetization
is zero, the exchange fields at Cr sites do induce the spin
polarization of conduction electrons whose direction is
aligned perpendicular to the spiral plane.
Fermi surface obeys strong two dimensionality as
shown in Fig. 2(b). One can notice that there are two
types of FS; small triangular pillar with electron charac-
ter at the corners of the BZ and one big hexagonal pillar
with hole character centered at the Γ points. Compared
to the nonmagnetic PdCoO2, the unit cell becomes 3
times larger due to the ordered Cr spins in a noncollinear
120o spin structure (a rotated
√
3 × √3 supercell) [Fig.
2(a)]. Thus, foldings of the electronic bands into the
reduced Brillouin zone (BZ) leads to significant recon-
struction of the electronic structure in PdCrO2. The size
of reconstructed FS’s in fact matches well with the α and
γ orbits.
Two dimensionality of the FS’s is confirmed by the
angle dependence of the frequencies (α and γ) with the
tilted magnetic field. As shown in Fig. 3(a) the frequen-
cies for both orbits varies F ∝ 1/cos(θ), indicating the
almost 2D FS with minimal kz-axis dispersion, consistent
with the calculations. The number of the orbits detected
in experiments is less than that predicted in the calcula-
tions. Nevertheless, our results clearly demonstrate that
FS reconstruction in PdCrO2 is induced by the 120
o or-
dering of Cr spins.
The additional frequencies, β and δ branches, are con-
sistent with the sizes of the lenz-type (β) and the large
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FIG. 3: (color online)(c) Angular dependence of all observed
dHvA frequencies (F ) with magnetic field angle θ. θ is a tilt
angle from [001] to [100] direction. The dashed lines show the
results of the DFT calculations. (d) The angle dependence of
the FFT spectra for the α orbits. (e) The angular dependence
of F cos θ for the α and the γ orbits.
hexagonal (δ) orbits in Fig. 3(b). In these orbits, the
electrons need to tunnel through the gap (δkg) in k-space
from one part of the Fermi surface to another with suffi-
cient cyclotron energy at high magnetic fields, as known
as the magnetic breakdown (MB) effects [23]. For the
large hexagonal orbit (δ), the breakdown field B0 is es-
timated to be ∼ 7 T [20]. This corresponds to δkg ∼
3.5(2)× 10−3 A˚−1 using the Chamber formula B0 =
(pi~/e)(k3g/(a + b))
1/2 where a and b are related to the
curvatures of the neighboring FS’s [20]. This is consis-
tent with δkg ≈ 9.7 × 10−3 A˚−1 from calculations.
Having established that the conduction electrons are
strongly coupled to the Cr spins, we now discuss the tem-
perature dependence of dHvA oscillations for the α peak.
Since the α FS is sensitive to the band folding induced by
the magnetic structure of Cr spins, one can expect that
the corresponding dHvA oscillations will be changed if
the spin structure is modified as proposed in Ref. [1].
It has been suggested that in order to induce the finite
scalar spin chirality and the corresponding the AHE, the
magnetic configuration of the Cr spins should break the√
3 × √3 periodicity. As shown in Fig. 4(a) and (b),
however, we have not found any signature of the changes
in the frequencies of the dHvA oscillations as the temper-
ature passes through T ∗ ∼ 20 K. Also, their amplitude
is gradually reduced without any anomaly. This strongly
suggests that a change in Cr spin structure at T ∗ (< TN )
is, if any, minute.
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FIG. 4: (color online) (a) The oscillatory part of the torque
signal as a function of applied magnetic fields at θ = 5 o for
different temperatures. (b) The corresponding FFT spectra
of the dHvA oscillations for the α FS in a logarithmic scale.
Note that the α FS is the reconstructed FS by the 120o Cr
ordering, and thus sensitive to the magnetic structure of Cr
spins. The temperature dependence for (c) the α and (d) the
γ orbits is shown in a linear scale. (e) The mass plot for the
α and γ orbits.
4TABLE I: Calculated and measured dHvA frequencies. The
measured frequencies are taken from the data at θ = 5o.
The calculated (mb) and measured (m
∗) cyclotron masses are
listed in units of the free electron mass (me).
band calc. Exp.
Orbit F mb Orbit F m
∗ m∗/mb−1
(T) (me) (T) (me)
1a 739 0.25
1b 769 0.26 α1 783(2) 0.44(1) 0.7(1)
1c 830 0.28 α2 815(2) 0.45(1) 0.4(1)
1d 933 0.31 α3 880(1) 0.47(1) 0.47(3)
2a 10648 1.26 γ1 10445(3) 1.5(3) 0.2(1)
2b 10954 1.22 γ2 10518(3) 1.5(1) 0.27(8)
2c 11127 1.13
2d 11180 1.14
From the temperature dependence of the FFT ampli-
tude as shown in Fig. 4(c) and 4(d), we estimate the
strength of the coupling by comparing the measured ef-
fective mass (m∗) of the quasiparticles with the band
structure value (mb). The m
∗ for the orbits α and γ can
be extracted using the so-called mass plot based on the
Lifshitz-Kosevich formula [Fig. 4(e)]. The resulting mass
enhancement factor λ =m∗/mb − 1 is ∼ 0.4-0.7 for the α
FS’s while it is somewhat reduced to be ∼ 0.2-0.3 for the
γ FS’s, as listed in Table 1. While the coupling strength
is moderate, consistent with the small Sommerfeld coeffi-
cient from the specific heat measurements[4], the sizable
λ for PdCrO2 is distinct from the case of PdCoO2 where
m∗ is similar or even smaller than the calculated mb[18].
The orbit dependence of λ can be understood in terms
of the different degree of Cr character in the FS’s. In
fact, the calculated Cr character on the triangular FS’s
(α) is 60% larger than that on the hexagonal (γ) FS [24].
These results, combining with the significant reduction
of the resistivity at TN [2], indicate that itinerant elec-
trons are scattered by fluctuations of the Cr spins, which
is expected to be strong above TN , but freezed out below
TN .
Based on our results, we can conclude that the itin-
erant electrons are significantly coupled to the 120o he-
lical order below TN . Additional transition accompa-
nied by modification of the Cr spin structure [1] be-
low TN is unlikely, and there is little, if any, modifica-
tion from the ideal 120o spin structure. This implies
that spin chirality mechanism is not sufficient to explain
the observed unconventional AHE in PdCrO2. Recently,
Tomizawa and Kontani suggested that significant AHE
can be induced by the orbital Aharonov-Bohm effects
even with negligible spin scalar chilality in a non-collinear
spin structure[25]. In this model, the conduction elec-
tron acquires a finite Berry phase due to the complex
d-orbital wave function in the presence of non-collinear
spin structure. The minimal distortion from a ideal 120o
non-collinear spin structure in PdCrO2 cannot induce the
sizable AHE through the scalar spin chirality, whereas it
might produce dominant AHE via the orbital Aharonov-
Bohm effects as proposed in metallic pyrochlore com-
pound, Pr2Ir2O7[25].
Alternatively, in a non-collinear antiferromagnetic
metal, a k-dependent spin-splitting of the Fermi surface
occur due to broken inversion symmetry by non-collinear
spiral magnetic order as shown in Fig. 2. Competition
between spin-split hole and electron orbits and the mag-
netic breakdown between them might be important to
explain the complex magnetic field dependence of Hall
resistivity in PdCrO2 [26]. Further studies on the Cr
spin structures using single crystals as well as the mag-
netotransport properties with higher magnetic fields are
desirable to test these possibilities.
In summary, combining results of de Haas-van Alphen
(dHvA) oscillations and first principle calculations, we
show that highly metallic electrons mostly in the Pd lay-
ers are strongly coupled to the AFM ordering of the Cr
layers in triangular antiferromagnet PdCrO2. The non-
collinear 120o AFM ordering in the localized Cr moments
induces the significant FS reconstruction as compared to
the FS of iso-structural nonmagnetic PdCoO2. Consider-
ing that the ideal 120o helical ordering has a zero scalar
spin chirality, the unconventional AHE found in PdCrO2
cannot be explained in terms of the spin chiral mecha-
nism. This strongly suggests that in order to understand
the complex behavior of Hall resistivity of PdCrO2, al-
ternative mechanisms taking into account of the orbital
degree of freedom or the multi-FS’s are required. Never-
theless, PdCrO2 is an rare example of metallic TAFM’s
whose unconventional AHE is not fully understood in
terms of the spin chirality mechanism.
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